A bottom-up approach to produce a long-range ordered superlattice of monodisperse and isomorphic metal-oxide nanoparticles (NP) supported onto an oxide substrate is demonstrated. The synthetic strategy consists of self-assembling metallic NP on an ultrathin nanopatterned aluminum oxide template followed by a morphology-conserving oxidation process, and is exemplified in the case of Ni, but is generally applicable to a wide range of metallic systems. Both fully oxidized and core-shell metal-metal-oxide particles are synthesized, up to 3-4 nm in diameter, and characterized via spectroscopic and theoretical tools. This opens up a new avenue for probing unit and ensemble effects on the properties of oxide materials in the nanoscale regime. DOI: 10.1103/PhysRevLett.108.195507 PACS numbers: 81.16.Pr, 61.46.Df, 75.75.Cd, 81.16.Rf Metal-oxide nanoparticles (NP) find widespread interest in fundamental science and bear promise for high-level applications in many emerging fields of the advanced nanotechnologies, from nanospintronics and high-density magnetic storage devices [1-3] to chemical sensing [4, 5] and nanocatalysis [6, 7] . The size, shape, and mutual interactions among the particles play a key role in determining the novel properties of these nanosized oxide materials [8, 9] . For example, oxide NP may display anomalous magnetic behavior such as ferromagnetism vs antiferromagnetism in the bulk [2, 3] or size-dependent magnetic structures and unusual spin couplings [8, 10] . Model systems of NP with atomic-level control of size, shape, chemical composition, and interparticle distance are therefore crucial to clarify the emergent phenomena in oxide materials at the nanometer scale, and to disentangle the effects of the various intra-, inter-and support-particle interactions. However, such systems are difficult to prepare especially for particles below 50-100 nm, which are not accessible to lithographic techniques [5] , while the traditional wet chemical methods only allow moderate design variations [11] . Here we describe the fabrication of one such system: an ordered superlattice of monodisperse and isomorphic nickel oxide NP, and its characterization via spectroscopic and theoretical tools. Both fully oxidized and core-shell metal-metal-oxide particles (the latter of interest, e.g., for exchange bias effects [1]) are synthesized via a bottom-up template-directed self-assembly strategy, opening up a new avenue for probing unit and ensemble effects on the physical and chemical properties of oxide materials, from molecule-type cluster sizes to the solid state limit. Our strategy consists of self-assembling metallic NP on an ultrathin nanopatterned aluminum oxide template followed by a morphology-conserving oxidation process, thus producing a superlattice of oxide NP decoupled from a conducting metal substrate by an ultrathin oxide layer, with a very narrow size distribution and identical shapes. We illustrate the procedure for the case of NiO NP, but the method is general (it has been tested for CoO particles with equal success).
Metal-oxide nanoparticles (NP) find widespread interest in fundamental science and bear promise for high-level applications in many emerging fields of the advanced nanotechnologies, from nanospintronics and high-density magnetic storage devices [1] [2] [3] to chemical sensing [4, 5] and nanocatalysis [6, 7] . The size, shape, and mutual interactions among the particles play a key role in determining the novel properties of these nanosized oxide materials [8, 9] . For example, oxide NP may display anomalous magnetic behavior such as ferromagnetism vs antiferromagnetism in the bulk [2, 3] or size-dependent magnetic structures and unusual spin couplings [8, 10] . Model systems of NP with atomic-level control of size, shape, chemical composition, and interparticle distance are therefore crucial to clarify the emergent phenomena in oxide materials at the nanometer scale, and to disentangle the effects of the various intra-, inter-and support-particle interactions. However, such systems are difficult to prepare especially for particles below 50-100 nm, which are not accessible to lithographic techniques [5] , while the traditional wet chemical methods only allow moderate design variations [11] . Here we describe the fabrication of one such system: an ordered superlattice of monodisperse and isomorphic nickel oxide NP, and its characterization via spectroscopic and theoretical tools. Both fully oxidized and core-shell metal-metal-oxide particles (the latter of interest, e.g., for exchange bias effects [1] ) are synthesized via a bottom-up template-directed self-assembly strategy, opening up a new avenue for probing unit and ensemble effects on the physical and chemical properties of oxide materials, from molecule-type cluster sizes to the solid state limit. Our strategy consists of self-assembling metallic NP on an ultrathin nanopatterned aluminum oxide template followed by a morphology-conserving oxidation process, thus producing a superlattice of oxide NP decoupled from a conducting metal substrate by an ultrathin oxide layer, with a very narrow size distribution and identical shapes. We illustrate the procedure for the case of NiO NP, but the method is general (it has been tested for CoO particles with equal success).
The ultrathin Al oxide layer, which is created by thermal oxidation on a Ni 3 Alð111Þ alloy single crystal surface, constitutes a well-ordered nanostructured template with holes that provide anchoring centers for the directed assembly of metal NP in a physical vapour deposition (PVD) process [12, 13] . The structure of the 0.5 nm thick alumina AlO x film on Ni 3 Alð111Þ contains holes at the corners of the ð ffiffiffiffiffi ffi 67 p Â ffiffiffiffiffi ffi 67 p ÞR12:2 unit cell reaching down to the metal substrate [14] , in which up to three Pd atoms can be trapped; the latter can act as heterogeneous nucleation centers for Ni adatoms deposited subsequently by PVD, thereby creating a well-ordered hexagonal array of metal clusters [15] (the "seeding" of the alumina surface by predeposited Pd atoms is necessary to provide nucleation centers for the subsequent self-assembly of metal clusters [16] ). The presence of a regular array of nucleation centers strongly reduces the size dispersion of epitaxially grown metal particles [17] .
Figures 1(a) and 1(b) show scanning tunneling microscopy (STM) images of Ni NP on Pd-seeded AlO x =Ni 3 Alð111Þ, prepared by deposition of 2:07 Â 10 13 Pd atoms=cm 2 at room temperature (corresponding to three Pd atoms per corner hole on average) followed by deposition of Ni atoms at 200 C (see Supplemental Material for further experimental details [18] ). At a Ni coverage of 3:2 Â 10 14 atoms=cm
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[ Fig. 1(a) ] the surface is covered by Ni NP, with a particle density of approximately 3 Â 10 12 particles=cm 2 . The high-resolution image of the inset of Fig. 1(a) displays the so-called ''network'' structure of the alumina substrate [12] in between the Ni NP, with the lattice of the corner holes (the so-called ''dot'' structure [12] ) indicated by the superimposed white grid. The majority of the Ni NP nucleates at Pd-seeded corner holes (the crossing points of the white grid), and exhibit average apparent heights of 0:83 AE 0:17 nm and diameters of 1:9 AE 0:7 nm as measured from STM (see below), suggesting roughly hemispherical shapes. At higher coverage (1:37 Â 10 15 Ni atoms=cm 2 ), a highly ordered array of Ni NP is formed [ Fig. 1(b) ]: the fast Fourier transform (FFT) of the STM image (inset) reveals a periodicity of 4.1 nm, identical to the dot lattice of the alumina template. The size of the particles has increased to 1:15 AE 0:15 nm (height) and 2:6 AE 0:3 nm (diameter), with a NP density of about 4:4 Â 10 12 particles=cm 2 , corresponding to a coverage of $60% of the corner holes by NP.
The transformation of metallic into oxidic NP requires a morphology-conserving oxidation procedure in order to maintain the superlattice character of the system. Exposing the metallic Ni NP to
LangmuirðLÞ ¼ 10 À6 torr Á sec) leads to the complete oxidation of the NP, as discussed below. Visual inspection of the STM images of Figs. 1(c) and 1(d), recorded after oxidation, reveals that the morphology (and the particle density) of the superlattice is maintained: the inset of Fig. 1(c) confirms that the oxidized Ni NP still occupy the corner hole sites, and the FFT of the inset of Fig. 1(d) gives evidence of the hexagonal dot lattice order of 4.1 nm periodicity.
The comparison of NP size before and after oxidation gives an indication of the chemical composition of the oxidation product [19] . NP diameter and height distribution plots before and after oxidation are displayed in Fig. 2(a) . Two aspects are worth pointing out: first, the narrow distributions are only slightly wider after oxidation, confirming the morphology-conserving process; second, the size of the particles increases upon oxidation: the resulting ratio volume oxideNP =volume metalNP ¼ 1:57 compares favorably with the corresponding ratio volume NiO = volume Ni ¼ 1:66 for rock-salt NiO and fcc Ni metal, suggesting that the Ni NP have been fully oxidized (additional data in the Supplemental Material, Fig. S1 , [18] ). The range of particle sizes which can be prepared by the present method is restricted by the coalescence limit of the NP at a diameter of $4:1 nm, the distance of corner hole nucleation centers in the dot structure of the AlO x substrate, corresponding to % 1600 atoms per hemispherical particle.
The oxidation of the Ni NP has been followed as a function of O 2 exposure by high-resolution emission-angle dependent Ni 2p photoelectron spectroscopy, to vary the surface sensitivity of the method and to disentangle the Ni signal of the NP and that of the Ni 3 Al substrate. Figure 2(b) shows Ni 2p 3=2 core-level spectra of the pristine Ni NP system and after exposure to O 2 at 200 C. The bottom spectra display the Ni 2p 3=2 emission of the pristine system as a function of the emission angle-see inset of Fig. 2(c) for a sketch of the experimental geometry. For ¼ 0 , the Ni 2p signal is composed of the emission from both the Ni NP and the Ni 3 Al substrate due to the large escape depth of the photoelectrons, whereas at 65 emission from the Ni NP prevails due to the high surface sensitivity at this geometry. After exposure to 45 L O 2 , the Ni 2p emission is still characteristic of metallic Ni NP, but after an O 2 dose of 90 L the metallic emission has decreased and broad emission peaks at higher binding energy signal the presence of Ni 2þ species. After 180 L O 2 exposure, the latter features are dominant and have reached saturation intensity whereas only a small Ni 0 signal remains. The metallic character of Ni after 45 L O 2 exposure indicates a delay in the onset of NP oxidation and suggests that the oxidation process occurs in two steps, involving both the Ni NP and the AlO x =Ni 3 Al substrate as discussed below. Figure 2 (c) displays Ni 2p 3=2 spectra of the oxidized Ni NP surface (180 L O 2 dose) as a function of the electron emission-angle and a decomposition analysis of the spectral profiles into individual components [18] . The Ni 0 component at 852.5 eV is pronounced at ¼ 0 due to the large contribution from the substrate, but remains only as a weak shoulder in the ¼ 65 spectrum, where the emission of the oxidized Ni NP in the binding energy range 854-865 eV (denoted as Ni 2þ ) is dominant. The spectral profile of the Ni 2þ emission is complex with three major components, which agree well with published NiO spectra [20, 21] . The Ni 2þ 2p emission profile confirms unambiguously the chemical nature of the NP as NiO.
The oxidation process has been also quantified by comparing the angle dependent Ni 2p emission intensities with model calculations. Figures 3(a) and 3(b) display integrated intensities of Ni 0 and Ni 2þ components, respectively, with O 2 exposure at 200 C for different emission angles. For O 2 exposure <50 L no significant oxidation of the Ni NP occurs, as evident from the small increase of the Ni 2þ intensities; the Ni 0 intensities at all emission angles however become significantly suppressed, as a result of the thickening of the alumina film and the resulting attenuation of the signal from the substrate. With increasing O 2 exposure, the Ni 2þ intensity increases fast, with the most pronounced growth at the most surface-sensitive emission geometry ( ¼ 65 ), suggesting that the oxidation of the Ni NP starts at their surface. After an O 2 dose of 180 L, both the Ni 0 and Ni 2þ emission intensities reach saturation, indicating that the Ni NP are fully oxidized.
That oxidation proceeds from the surface into the core of the particles is confirmed by model calculations of angulardependent emission intensities (see Supplemental Material [18] ). In Fig. 3(c) thickness of the oxide layer and compare it to the experimental data for different O 2 exposures-see Fig. 3(d) . The good agreement between the calculated and experiment data proves that the oxidation of the Ni NP proceeds in a layer-type fashion beginning at the NP surface, so that an oxide-shell/metal-core geometry is obtained for intermediate O 2 doses. The Al 2p core-level spectra (Fig. 4) support the previous analysis and reveal further details of the oxidation process. Figure 4 (a) shows Al 2p core-level spectra of the bare substrate (bottom curve), after deposition of Ni NP (second level), and after the exposure to various L of O 2 at 200 C (higher levels). The Al 2p spectrum of the AlO x =Ni 3 Al surface contains contributions from the Ni 3 Al bulk (labeled B), the Ni 3 Al-AlO x interface (labeled I), and from the AlO x top (Al S ) and second layer (Al I ) [22, 23] . After Ni deposition, the Al 2p signal decreases due to the Ni overlayer, but after O 2 exposure the AlO x components increase again significantly and shift to lower binding energy. This indicates that the AlO x =Ni 3 Al substrate also plays a crucial role in the overall reaction, in agreement with the delayed onset of the oxidation of the Ni NP in Fig. 2 .
To validate the spectroscopic assignments and for a deeper understanding of the oxidation process, density functional (DF) calculations [24] were performed (see Supplemental Material [18] for the computational details). In a simplified model, shown on the right side of Fig. 4(b) , the oxide slab is composed of four layers alternating Al and O atoms in the order Al i -O i -Al s -O s starting from the Ni 3 Al alloy surface. The Al i interfacial layer has 2 atoms per Ni 3 Alð111Þ unit cell arranged in a honeycomb lattice. The remaining layers all have 3 atoms per unit cell forming fcc (111) planes succeeding according to an ABCA stacking (an ABBA stacking was also considered producing qualitatively similar results, see Supplemental Material [18] ). The total stoichiometry of the oxide is Al 5 O 6 and is close to the real one [14] , while the structure of these models resembles that of pseudoepitaxial regions in the AlO x =Ni 3 Alð111Þ complete cell. On the right side of Fig. 4 (b) the projected density of states (PDOS) around the Al 2p components is also displayed, showing a smooth progression of the Al 2p core-levels to higher binding energies as one moves away from the bulk alloy, in fair agreement with experiment. The results of more accurate calculations using a final-state excited pseudopotential approach [25] are shown as filled circles at the bottom of Fig. 4(a) : the agreement with experiment is excellent. The attenuation of the Al spectra and the shift to lower binding energies by roughly 0.3 eV upon deposition of Ni NP [ Fig. 4(a) ] is in tune with the PDOS of a model system composed of a Ni 13 particle deposited on the ABCA alumina substrate shown at the bottom of Fig. 4(b) : the Al s peak fragments and generates a component roughly 0.2-0.3 eV lower in energy (corresponding to Al s atoms underneath the Ni 13 particle). This is due to a charge transfer from the substrate to the Ni NP causing the shift of the Al core levels to lower binding energies. The further shift occurring at 45 L O 2 -before appreciable oxidation of the Ni NP-can be explained as due to a thickening of the oxide layer. A structural model for this phenomenon is shown on the top left side of Fig. 4(b) , and consists of an ABCABC oxide slab obtained by adding an Al and a O layer in fcc stacking to the previous ABCA model. From the PDOS also reported on the top left side of Fig. 4(b) we observe a shift to lower binding energies, a merging of the Al sÀ1 and Al s peaks and an approaching of the Al i peak to the Al-surface ones, in fair agreement with experiment. The thickening of the AlO x layer in the presence of Ni NP obviously requires the dissociation of O 2 on the NP followed by spillover to the oxide surface and penetration through the alumina to the Ni 3 Al interface, where an additional Al-O layer is generated [26] .
In conclusion, we have shown that following a bottomup strategy based on a morphology-conserving oxidation of template-directed assemblies of metal aggregates it is possible to prepare ordered arrays of size-selected and isomorphic NP up to 3-4 nm in diameter either fully oxidized or in a metal-core/oxide-shell configuration, as proven by spectroscopic and theoretical characterization. The method is exemplified in the case of Ni NP, but is generally applicable to a wide range of metallic systems. The oxide nano-objects so produced may be regarded as nanolaboratories, in which size, shape, composition, particle-substrate, and particle-particle interaction effects on the properties of oxide materials can be investigated in the extreme nanoscale régime.
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